Three chick experiments were conducted to investigate possible explanations for why pork liver provides no bioavailable Cu to chicks. Autoclaving, acid-hydrolysis, and protease-digestion increased ( P < . 0 1) Cu bioavailability in pork liver to 32, 46, and 63%, respectively, from virtually 0% of the Cu in unprocessed pork liver (relative to CuSO4, which was set at 100%). Addition of EDTA at 200 mgl kg to the diet containing 1 mg of Cukg from unprocessed pork liver also resulted in a n increased ( P < .07) Cu bioavailability, to 23%. Tissues representing different sources of endogenous Cu in the pig also were evaluated for their Cu bioefficacy.
Introduction
We recently estimated Cu bioavailability in several feed ingredients from both plant and animal sources, including liver from different animal species, using bile Cu accumulation in Cu-depleted chicks fed dietary Cu levels between .56 and 1.56 mgkg (Aoyagi et al., 1993 1. An intriguing finding was that pork liver provided no bioavailable Cu.
There are two possible interpretations that may explain why Cu in pork liver is not bioavailable: 1 )
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the Cu in pork liver may exist in forms that cannot be absorbed by chicks or 2 ) pork liver may contain compounds that directly or indirectly inhibit Cu utilization. Hepatic Cu is thought to exist in a variety of forms. The majority of hepatic Cu is found in both non-nuclear particulate and cytosolic portions of hepatocyte homogenates, where they are bound to the cysteine-rich metal-binding protein metallothionein ( MT) or to artifacts of MT resulting from proteolytic degradation (Bremner, 1986) . Metallothioneins have been isolated and characterized from a variety of animals, and it is clear that species specificity exists in the structure of MT (Hunziker and Kagi, 1985; McCormick et al., 1988) . It may be possible that the Cu-containing domain of MT in pork liver is highly resistant to proteolytic digestion and absorption in the chicken gut, thus making its Cu unavailable. The objective of the current study was to investigate why pork liver does not provide any bioavailable Cu. The effect of processing of pork liver by different methods was studied.
In addition, several animalprotein by-products representing different tissues from different animal species were evaluated for their Cu bioavailability.
Materials and Methods

Copper Bioavailability Studies
All procedures were approved by the University of Illinois Committee on Laboratory Animal Care. Oneday-old male chicks from the cross of New Hampshire males and Columbian females were fed a Cu-deficient (.56 mg of Cukg of diet) casein-soy concentrate basal diet (Table 1) during the first 7 d posthatching. On d 8 posthatching, after an overnight withdrawal of feed, chicks were weighed, wing-banded, and assigned randomly t o experimental groups such that each group had a similar mean initial weight (92, 92, and 93 g for Exp. 1, 2, 3, respectively) and weight distribution. Four replicate groups of four chicks were fed each of the experimental diets from 8 to 21 d posthatching. Chicks were maintained in heated, thermostatically controlled, stainless-steel starter batteries equipped with stainless-steel feeders, grids, waterers, and raised wire floors. Diets and distilled-deionized water were provided for ad libitum consumption, and a 24-h constant light schedule was maintained.
The basal diet (Table 1 ) was formulated to be adequate to superadequate in all nutrients with the exception of Cu. Graded levels of added Cu (0, .5, and 1 mg/kg) from analytical-grade CuS046H20 (Sigma Chemical, St. Louis, MO) were used to generate a standard curve (Aoyagi and Baker, 1993a) , and all Cu bioavailability values were expressed relative to that of Cu in CuSO4 that was set at 100%. Each test ingredient was analyzed for Cu, Zn, Mn, and Fe by flame atomic absorption spectrophotometry (Model 306, Perkin-Elmer, Nonvalk, CT) following HNO3 wet ashing. In Exp. 1 and 2, the ingredients were freezedried (FD) and ground before nutrient analysis. Crude protein was determined by the Kjeldahl method, and crude ash was determined by dry-ashing at 600°C overnight (AOAC, 1984) . Sample inclusion rates were determined according to their Cu concentration; additions of grounds FD ingredients to the basal diet were made at the expense of dextrose, and they were added to provide either .5 or 1 mg of Cukg of diet.
At assay termination, chicks and feeders were weighed, after which all chicks were killed by CO2 suffocation. Bile was aspirated from gall bladders by syringe and stainless-steel needle. Bile samples were pooled by replicate and wet-ashed with HNO3. Copper concentration was measured by flame atomic absorption spectrophotometry.
In Exp. 1, the effect of different processing (chemical, enzymatic, and physical treatments) of pork liver on Cu bioavailability was investigated.
Copper bioavailability in pork liver treated by different procedures was compared to that of FD fresh pork liver, using CuSO4 as the standard. A mixture of fresh liver from gilts and barrows was obtained from the University of Illinois Meat Science Laboratory, and it ET AL. was homogenized in a meat blender. Liver homogenate was separated into four portions for subsequent processing. The first portion was freezedried. The second portion was autoclaved at 120°C for 30 min and then freeze-dried. The third portion was enzymatically digested using a mixture of papain and Brumelain (Miles Inc., Elkhart, IN) added at 1 mg of each enzyme per 1 g of liver homogenate, and incubated at 38°C for 16 h with constant stirring. The mixture subsequently was heat-denatured at 90°C for 5 min and then freeze-dried. The last portion of liver homogenate was hydrolyzed with 12 N HCl for 36 h, neutralized with NaHC03, and then freeze-dried. In Exp. 2, extrahepatic endogenous Cu sources (bile and plasma) were evaluated for Cu bioavailability. Relative Cu bioavailability was determined for FD porcine bile and a commercially available spray-dried (SDI porcine plasma product (AP-620TM, American Protein, Ames, IA). Fresh porcine bile was obtained from the University of Illinois Meat Science Laboratory and freeze-dried. The standard curve generated by feeding graded levels of Cu from CuSO4 was shared with Exp. 1, because the two experiments were conducted simultaneously.
In Exp. 3, relative Cu bioavailability in different animal protein by-product meals was estimated. The concentration of Cu in all-beef meat and bone meal, all-pork meat and bone meal, mixed-species meat and bone meal, high-bone meat and bone meal, poultry byproduct meal, feather meal, and hog hair meal was determined to be 10.33, 15.98, 14.24, 5.20, 9.99, 9.16, Abbreviation used: FD = freeze-dried.
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and 20.72 mgkg, respectively. These ingredients were added to the Cu-deficient basal diet to provide either .5 or 1 mg Cu/kg. Bile Cu accumulation was assessed and compared with the CuSO4 standard curve ( 0 , .5, and 1 mg of Cukg).
Statistical Analysis
Analysis of variance and regression analyses were conducted using the GLM procedures of SAS ( 1985) appropriate for a completely randomized design. Differences among treatment means were established using the least significant difference multiple comparison procedure (Carmer and Walker, 1985) . Copper bioavailability was determined relative to CuSO4, which was set at 100%. Common-intercept multiple linear regression (slope-ratio) was performed on bile Cu as a function of supplemental Cu intake (Aoyagi and Baker, 1993a,b; Baker and Han, 1993) . Although the experimental sources of Cu were added to the basal diet at only a single level ( . 5 or 1 mg of Cukg), the four replicates representing 0 and the four representing either .5 or 1 mg of Cu/kg gave eight data points for constructing a best-fit straight line. Thus, slopes could be compared t o the standard source of Cu (CuSO4) that consisted of three levels and 12 data points (Boebel and Baker, 1982;  Lowry and Baker, 1989) .
Results
Experiment 1.
Copper addition from all sources did not increase ( P > .05) weight gain or feed intake (Table 2) . Bile Cu concentration increased nearly 10-fold in a linear manner ( P < .O 1) as graded levels of CuSO4 were added to the Cu-deficient basal diet.
Slopes from the multiple linear regression equation (R2 = .86) yielded relative Cu bioavailability estimates of 4% for FD fresh pork liver, which was not different ( P > .05) from zero.
Copper bioavailability in processed pork liver was higher ( P < .01) than that in unprocessed fresh pork liver (Table 2) . Autoclaving (l2O0C, 30 min) increased ( P < .01) Cu bioavailability to 32%, and 36-h acid hydrolysis increased ( P < .O 1 ) Cu bioavailability to 46%. Protease (papain and Brumelain) treatment resulted in the greatest increase ( P < .01)
in Cu bioavailability, to 63%. Supplementation of EDTA at 200 mgkg of diet also increased ( P < .07) Cu bioavailability to 23% in FD fresh pork liver.
Experiment 2. Multiple linear regression analysis
(bile Cu as a function of supplemental Cu intake) was performed using CuSO4 (the standard), FD fresh pork liver, FD porcine bile, SD porcine plasma, and combinations of CuSO4 and FD pork liver as well as CuSO4 and FD porcine bile (Table 3) . Slope comparisons revealed that relative Cu bioavailability in FD porcine bile was negative, -5% ( P < .Ol), but that Cu bioavailability in SD porcine plasma was 99%. Also, addition of .5 mg of Cu/kg from FD fresh pork liver or FD porcine bile to the diet containing .5 mg of Cu/kg from CuSO4 (total of 1 mg of Cu/kg) decreased ( P < .05) the bioavailability of Cu in CuSO4.
Experiment 3. Bile Cu concentration increased markedly (18-fold) in a linear ( P < .01) fashion as graded levels of CuSO4 were added to the basal diet (Table 4) .
When the bile Cu data were subjected to multiple linear regression as a function of supplemental Cu intake, a good fit (R2 = ,861 resulted. Slope comparisons indicated relative Cu bioavailability estimates of 53% for all-pork meat and bone meal, 28% for mixedspecies meat and bone meal, and 42% for poultry byproduct meal. These values were all different eRelative bioavailability (RBV) determined by multiple linear regression and slope-ratio methodology.
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( P < .O 1) from 100%. Copper bioavailability in feather meal was a negative value, -3%, which was not different ( P > . 0 5 ) from zero. Likewise, relative Cu bioavailability values for all-beef meat and bone meal (4%), high-bone meat and bone meal ( 8 % ) , and hog hair meal (9% were not different from zero ( P < .05).
Discussion
Liver from different animal species exhibits a wide range ( 0 to 135%) of Cu bioavailability (Johnson et al., 1988; Aoyagi et al., 1993) . Fresh pork liver provided no bioavailable Cu in our previous studies, and this was confirmed in the current study. Because liver is a rich source of trace minerals (Cu, Fe, and Zn), vitamins, and protein, liver from slaughtered animals is used as a feed ingredient for animals, particularly companion and commercial fur-bearing animals, and it has been assumed that the Cu in animal-source feed ingredients, including pork liver, is highly available. In fact, because pork liver is not popular for human consumption, it is more accessible to the pet food industry, and it often provides the major source of Cu in canned pet foods. There are reports of Cu deficiency signs (hair de-pigmentation + 1.24 (k 1.30) x,, R2 = .86.
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and reduced reproductive performance) in cats and dogs fed pork liver as the sole source of Cu (Q. R. Rogers, 1993, personal communication) .
Liver is the central organ that maintains Cu homeostasis by storing, exporting, and excreting Cu. Although hepatic Cu exists in several organic forms, the majority is bound to MT or to degraded artifacts of MT (Bremner, 1986) . A clear species specificity in the primary structure of MT (Hunziker and Kagi, 1985; McCormick et al., 1988) may explain the zero bioefficacy of Cu in pork liver. The data from Exp. 1 revealed that when pork liver was treated by different methods to disrupt protein integrity, the Cu in pork liver was made more bioavailable. The damage to hepatic protein was evident when acid-hydrolyzed and protease-treated liver samples were subjected to SDS PAGE analysis (data not shown). Distinct bands representing predominant proteins disappeared and resulted in a smear.
Zinc is high in raw pork liver (Table 5 ) and the Zn therein is highly bioavailable (Aoyagi et al., 1995) . It is possible that the highly available Zn in pork liver antagonizes Cu. Pork is also known to contain high levels of thiol compounds such as glutathione (Wierzbicka et al., 19891 , and thiols such as cysteine and glutathione enhance Zn utilization but decrease Cu utilization (Baker and Czarnecki-Maulden, 1987; Aoyagi and Baker, 1994) . The interaction of Cu with Zn may explain the increased Cu bioavailability by the EDTA addition. Ethylenediaminetetraacetic acid has been shown to enhance Cu and Zn utilization in animals by counteracting the negative effect of phytate in plant-source feed ingredients (Kratzer et al., 1959; Forbes, 1961; Davis et al., 1962; O'Dell et al., 1964; Oberleas et al., 1966) .
Biliary excretion represents the primary route by which gut-absorbed Cu is excreted (Davis and Mertz, 1987) . The extent to which Cu from bile entering the duodenum can be reabsorbed (i.e. , enterohepatic circulation) was not known with certainty until recently when we demonstrated that none of the Cu in chicken bile was capable of being absorbed (Aoyagi and Baker, 1993a) . The Cu in FD porcine bile was also found to be unavailable to chicks (Table 3 ) . In addition, FD porcine bile and FD pork liver per se decreased utilization of Cu from dietary CuSO4. These findings are similar to our previous findings with chicken bile, which was also shown to decrease utilization of Cu from dietary CuSO4 by approximately 50% (Aoyagi and Baker, 1993a) .
The poor reabsorption of biliary Cu may be explained by poor assimilation of the bile complex that is excreted into the gut. Specific complexes in the different Cu-containing bile fractions have not been identified because there are difficulties encountered in the purification steps. Two distinct proteins (high and low molecular weight) are believed to contain the majority of biliary Cu. It is clear that proteins in the high-molecular-weight fraction of rat bile represent some form of fragmented or modified ceruloplasmin (Kressner et al., 1984) . The low-molecular-weight fraction has been assumed to be a degraded or modified product of MT. The molecular weight of Cucontaining fractions in chicken bile has been found similar to that existing in human bile (Gollan, 1975) and rat bile (Terao and Owen, 1973) .
It was not surprising that SD porcine plasma contained Cu that was highly bioavailable. The Cu in plasma is bound mostly to ceruloplasmin or albumin, which transports Cu from the liver to other target tissues (Davis and Mertz, 1987) . The afflnity of these proteins t o Cu is probably very low compared with the Cu associated with MT. Animal-source feed ingredients varied in trace mineral concentrations and in Cu bioavailability (Tables 4 and 5 ) . In a previous study (Aoyagi et al., 1993 ) a batch of poultry by-product meal was found to contain 97 mg of Zn/kg and 46.8 mg of Cukg (Zn:Cu ratio = 2.1). This meal had Cu in a highly bioavailable form (i.e., relative bioavailability of 92%). The poultry by-product meal evaluated herein, however, had a much higher Zn:Cu ratio ( 12: 1 ), and the relative Cu bioavailability was only 42% ( Table 5 ). These Cu bioavailability values illustrate the tremendous variation found in meat by-products. Particular attention is obviously required in using an average value for these ingredients because the rendering process and the composition of the starting materials may vary extensively.
Implications
Although the copper in fresh pork liver was found to be totally unavailable to chicks, copper bioavailability can be improved by processing (autoclaving, proteasedigestion, or acid-hydrolysis) the pork liver. In addition, pork liver per se decreased copper bioavailability from dietary CuSO4. There is tremendous variation in the trace mineral content of various animal by-products as well as in the bioavailability of copper therein.
